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INTRODUCTION
The present single stage compressor is a transonic compressor with low hub-tip ratio. The initial experimental results indicated a stage adiabatic efficiency of 8256, which was 2.8% lower than the design value, the variations within the discharge pressure and temperature profiles were 18;x: and 532, respectively, much poorer than the expected design targets. The operating point of the compressor was located to the left of the characteristic line and the surge line of the compressor was not tested due to blade fluttering in the test rig.
Since the original single stage compressor failed to achieve the design temperature and pressre exit profiles, both in relative level and shape, there were certain to be adverse effects on the downstream stage. In order to understand the causes for the unsatisfactory performance of the single stage and to improve the performance, the test of the single stage was conducted, as well as tests with rotor blade twisted from the midspan to tip(for 0-3.5°) and with blade stager angle reduced by 3° on this twisted blade were conducted (hereafter called test with twisted blade and test with twisted/stagger reduced blade). The experimental results show that this new single stage achieves design performance. The compressor efficiency is higher than the design value, the discharge pressure and temperature profiles are considerably improved. The operating point has moved to the right of the characteristic line. This test provides the base for redesigning the first stage.
AERODYNAMIC DESIGN
Following is a brief description of this single stage compressor: The design parameters: 4 airfoils were used for the rotor and stator blades. The effect of enthalpy and entropy gradients were not considered in the aerodynamic design. The aerodynamic design criteria are constant energy addition, isentropic and free vortex along the radial direction. The basic equation is similar to that in the reference (2) .
The radial equilibrium equation is
With the condition of constant energy addition, isentropic and free vortex, the equation could be further simplified as follows: In order to find Vm distribution, the stream line and M number distribution are assumed as the initial values in the calculation, which is made by the successive approximation until the selected value and the calculated values are equal. Actually, the calculation resulted from the simplified radial equilibrium equation are used to determine the Mach number in the design of single stage compressor. Both y and y" are calculated using the approximation. The axial velocity distribution is, at first, calculated through the simplified radial equilibrium equation and then corrected with the assumption that the stream line is approximately sinusoidal.
The blade stacking is done on a cylinderical surface with the analytical method. At first the metal angle on a conical surface should be found, then the metal angle on the cylinderical surface is obtained using the geometrical projection.
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where E is the angle between axial velocity and stream line.
EXPERIMENT
The compressor test facility uses a free turbine driven by the residual enthalpy drop in a gas generator discharge.The single stage test compressor is driven by the free turbine via a gearing-up box instrumented with an optical torquemeter.
The test compressor is a single stage transonic compressor. In order to reduce manufacturing period, the compressor remained unchanged, so that the single stage compressor was tested only with three types of rotor blades, i.e. original blade, the twisted blade and twisted/stagger reduced blade.These three tests are discussed in the paper. The characteristic lines, overall performance and blade-element performance at design rotor speed are recorded and analyzed.
The instrumentation system for the test compressor is shown in figure 2 .
At rotor inlet: at 2'4-mm upstream of the 1-1 Measuring station 3-3 Measuring station P* .
3 Figure 2 Circumferential location of probes at stage inlet and outlet stations blade leading edge was the measuring station l,at which the total pressure P,*was measured with the shielded 5-point total pressure probe and the static pressure p, was measured with the L-shaped single point static probe traversing along blade span. On the outer wall of the compressor casing there were 6 circumferentially-equally-spaced static pressure taps connected to a container, with which the average value of outer wall static pressure was obtained.
At rotor exit: the surface static pressures of inner and outer walls were measured at the station 2 (4 circumferentilly-equallyspaced taps on the outer wall, 2 taps on the inner wall).
At stage exit: the measuring station 3 is 14.3mm downstream of the stator trailling edge (corresponding to 0.29 C 5 The total pressure of a sector at the stage exit was measured by the rake total pressure probe traversing along blade span. The radial distributions of static pressure p, flow direction and total temperature Pat stage exit were measured by the static pressure probe rake, arrow-shaped multi-point flow-direction probe and shielded multi-point thermocoules, respectively. The surface static pressures on the inner and outer walls were measured (by 4 circumferentilly-equally-spaced taps on the outer wall, 2 taps on the inner wall).
To reduce the choke effect of probes on the test, the circumferential distribution of airflow parameters should first be measured, determining the optimum location of the probes at each station (i.e. the location of probe holes, which represents an average value of a profile) .
Before starting the test, all probes should be positioned at their optimum location and the choke area occupied by these probes at the rotor inlet should be less than 1% of the passage area, and that at the rotor outlet should be less than 1.5-2% of the passage area. Thus, the choke effect may be neglected in the performance calculation.
The inlet temperature, airflow, rotor speed and torque of the single stage compressor were measured by copper resistance thermometer, flow tube, frequency meter CZ-1 and optical torquemeter, respectively. The instrumentation accuracies are as follows: total pressure P* ± 0.3-0.5% The data processing and calculation were made by a computer.
The data processing includes calculating the arithmetric average of the total pressure along blade pitch at the stage exit and correcting the static pressure,temperature and airflow direction, then the radial distributions of these parameters were printed out.
Calculation of overall performance: The overall performance parameters were obtained by calculating mass average values of the stage temperature rise and pressure ratio along the blade span.
Stage-element performance: The density flow distribution of airflow was calculated based on measured value at the stage inlet and outlet to determine the location of actual stream lines. The radial distribution of M,, i, , R * ' ,BST and were then determined. Since the total pressure and static pressure, temperature and airflow direction at the rotor outlet were not measured, the flow profile, deffusion factor and loss coefficient at the rotor outlet were calculated using a flow profile computer program based on pressure ratio, efficiency at the stage outlet and an measured total pressure recovery of the stator. The radial distribution was also determined.
The accuracy and reliability of calculation depend on measurement accuracies of the basic parameters. The flow continuity,i.e. the airflow passing through the test compressor must be equal at each station, was used for checking the accuracies of P*, p,T* 
XPERIMENTAL RESULT AND ANALYSIS
The overall performance of the single stage compressor with different blade stagger angles is shown in figure 3 . The test result with twisted/stagger reduced blade shows con9iderable improvement at design rotor speed. At NG ,,=100%, the test resultswith the twisted /stagger reduced blade are compared to those with the original design blade. The airflow at choked point is 3.7% lower than the latter
The operating point approaches the highest efficiency point. The pressure ratio curve moved to the lower left and is coincident with the design pressure ratio curve. The efficiency curve moved to upper left and is higher than the envelope of the calculated line. At design flow W,y, 54kg/sec, pressure ratio is 1. 339 and achieves design value. The efficiency ?M*=0.864 and is 2.2% higher than the design value, and the operating point is in high efficiency region.
The blade-element performance along blade span at different stagger angle is shown in figure 4 . At design rotor speed and airflow, the tests with original blade, twisted blade and twisted/stagger reduced blade indicate that the airflow profile at the rotor inlet is uniform. The radial distribution of M t ,T,and /3, are essentially coincident with the design values. With the T.,and M, values on the 5% stream line showing about the greatest deviation from the design values. The variation of incidence angle along the blade span is greater and the incidence angle has been reduced by 3'-6° along blade span for the twisted/stagger reduced blade.
The radial distribution of stage outlet airflow profile is shown in figure 5 . The velocity coefficients for the original blade and twisted blade deviate from the design values, and the values for the twisted/stagger reduced blade approach the design values. The variation of airflow angle at the stage outlet approaches the design distribution but at 2 * higher level.
The radial distribution of the RS7 ,^sr and '*,, for original design blade, twisted blade and twisted/stagger reduced blade are shown in figure 6 . wise profile is large (18% and 53% respectively). The pressure ratio at hub (Rh =1.26 at 5% stream line) is low and the choked point flow is higher than the normal. The operating point is at the left of the characteristic line. The test with twisted/stagger reduced 3° blade shows that the single stage performance has been greatly improved. At Warr 54kg/sec, R57 =1 .339 and r7 *=0.864-, the M unevenness of the total pressure profile at the stage outlet was reduced from 18% to 7% and that of the total temperature profile from 53% to 18%, the pressure ratio at 5% stream line at the hub increases to 1.28.The experimental characteristic is better than that of the original stage. The operating It could be concluded from above that the following problems exist in the original single stage: The efficiency 2*=0.82,is lower than the design value. TheM unevenness of stage outlet pressure and temperature spanpoint has been moved to the right of the characteristic line and is near the high efficiency point.
The analysis for the test with twisted/ stagger reduced 3` is as follows:
The test with twisted/stagger reduced 3°i ndicates that, the modified single stage performance achieves the design target. At design rotor speed and airflow, the stage pressure ratio is 1.339 . the stage efficiency is 0.864, which exceeds design value by 2.2% and is 5% higher than the experimental efficiency of the original design.
With the blade twisted/stagger reduced 3°, the airflow profile at the stage outlet 6 has been improved markedly: the spanwise unevenness of pressure and temperature profiles has been reduced, i.e. P* from 18% to 7%, T* from 53% to 18% respectively. This is a result of the velocity field being redistributed due to the change in energy addition.
The change of blade stagger angle causes the throat in the blade cascade channel to be moved downstream. The operating points of the blade row are also changed, causing the characteristic line to be moved leftward.
The airflow at choked point has been reduced by 3.7% in comparison with the original test. The efficiency at the hub is improved with the loss decreased, causing the operating point to be moved to the high efficiency region.
The blade-element performance along spanwise for the rotor is shown in figure 7a, 7b. For the purpose of analysis and the relationship between blade-lement performance and the corrected flow is shown in figure 8. On the 5% stream lines in the blade hub rotor blade row was reduced considerably region: As shown in figures 4,6, 7 and 8, for twisted/stagger reduced 3° blade. the design incidence angle of 9.5°was selecte , 1 Since the incidence angle decreases which deviates from the optimum incidence radialy by about 5°, the pressure ratio and angle of the double circular are aerofoil.
the loss decrease obviously. The D and apThe blade hub operates in the vortex and proach design value. The rotor efficiency is seperating region, resulting in higher D and 0.85 and the calculated area ratio ( A/A* ) w . The calculation also indicates that there has not been improved. Therefore the main is less area ratio at the hub and the ratio cause of the efficiency improvement in the of areas A/A*=0.96-0.9?. For the stator, hub region is reduction of the incidence angle. M 2 *=0.87, the flow at the hub region is near The figure 9 also presents that the reduction to supercritical condition, resulting in of stagger angle by 3°results in considerable high loss of 6=0.95. So that, the pressure loss reduction and efficiency improvement. ratio on the 5% stream line is only 1.26 and On the 15% stream lines near the hub: the efficiency is 0.67, which can not meet the incidence angle on the 15% stream lines the design value. The energy addition in the is 3.6° lower than that of original design and stagger angle value and the turning angle and deviation angle also decrease. The pressure ratio is lower han the design value. The present stream line is almost detached from the hub effect and there is better operating condition, so that both D and w are not high and coincide with the design value, and the efficiency is 0.90. On the 55% stream lines near midspan: the figure 9 indicates that when only the blade stagger angle is changed, with left geometrical parameters of the cascade remained unchanged, the pressure ratio at midspan reduces slightly, but the efficiency increases appreciablely. This is mainly attributed to the reduction of blade stagger angle. The rotor blade incidence angle, therefore, approaches design condition, resulting in loss reduction. As shown in figure 7 the reduction of blade stagger angle resulted in the decreasing of op ,d and pressure ratio. The original design incidence angle was selected to be about 4° higher than the normal, resulting in the higher D and. If lower incidence angle is selected, the loss would be lower and the values of D and w would also be reduced markedly. The figure 8 also indicates that the stator blade loss is low, =0.995. The s two blade rows, therefore, are in the better operating condition, the value of the efficiency is about 0.90. On the 95% stream lines near tip: the reduction of blade stagger angle by 3° results in considerable reduction of Ap and dR . The incidence angle at the tip decreases about 6.5° and the value of Rt decreases substantially. At the same time, the incidence angle is deviated from the optimum incidence angle and becomes nagetive, so that the loss increases. The shock and boundary layer interferences and the secondary flow loss results in higher D and u). The pressure recovery for stator 5"=0.98. So the tip efficiency is as lower as Z 0. 73 . The and ^* are torque efficiency and adiabatic efficiency,respectively.
It could be concluded from the foregoing that the causes of efficiency improvement for the single stage compressor with twisted/stagger reduced 3° blade are as follows:
1. The test indicates that for the twisted /stagger reduced 3° blade, the incidence angle between 15% to 75% stream lines along blade span approaches optimum value. The D is lower than 0.40 and the is less than 0.10 at 15%/75% stream lines and approaches design value. The average efficiency for the rotor is 0.89. The efficiency at the hub and tip region are still lower due to the deterioration of the operating condition.
2. When the stagger angle is 40°-70°w ith the cascade geometric parameters remaining unchanged, the pressure ratio decreases slightly, whereas the efficiency increases markedly, due to improvement in loss.
3. The figure 7 shows that the spanwise variation of RR and 8R become more uniform and is similar to the variation for constant energy addition and approaches design working condition. The 2^ also has some increasing.
CONCLUSIONS
1. The test with twisted/stagger reduced 3° blade indicates that the single stage performance has been improved consicerably. At design rotor speed and airflow, the pressure ratio is 1. 339 , the efficiency is 0.864,which is 2.2% higher than the design value, the pressure and temperature profiles at the stage exit have been improved appreciably, i.e. thier unevennesses decreased from 18% to 7% and from 53*. to 18%, res' ectively. The characteristic line is better and the operating point moves from the left to the right on the characteristic and near the high efficiency points.
2. There are still the following problems with the test with twisted/stagger reduced 3° blade: the incidence angle for the rotor tip is a negative; the area ratio for rotor hub are low (A/A* -1.0); M 2h for stator hub is still high and is in supercritical operating condition.
3. The actions for modification: a) To increase hub-tip ratio or cone angle of the rotor hub and increase the tangential speed. b) To modify selected aerofoil parameters reasonably. Based on the analysis of some experimental results, recomended tip incidence angle of 0°-2°would be selected for the double circular are aerofoil of M= 1.20 and 3°-4° for the midspan and 4°-5°f or the rotor hub. c) To reduce or avoid the choke at rotor hub and increase the efficiency, the certain solidity 6 should be ensured and the value A/A*=1.04-1.05 (4) is recomended.
d) The multi-circular are aerofoil or the double-arc aerofoil with parameters redesigned should be imployed in the stator hub.
